Introduction
Tropomyosin (Tpm) is an actin-binding, a-helical coiled-coil protein that binds along the length of the actin filament and plays, together with the troponin (Tn) complex, a key role in Ca 2+ -regulated contraction of striated muscles. In the absence of Ca 2+ , it sterically blocks the myosin-binding sites on actin. The Ca 2+ binding to Tn upon muscle activation leads Tpm to move away from its blocking position and permits binding of myosin heads to actin [1] [2] [3] [4] . As with typical two-stranded a-helical coiled-coil proteins, the Tpm structure consists of repeats of seven amino acid residues, or heptads (a-b-c-d-e-f-g) where residues in the a and d positions are usually hydrophobic and form a continuous hydrophobic core of the molecule, which keeps the a-helices together. Residues at positions e and g, which are often oppositely charged, form Abbreviations DSC, differential scanning calorimetry; MD, molecular dynamics; NEM, N-ethylmaleimide; RMSD, root-mean-square deviation; Tn, troponin; Tpm, tropomyosin.
electrostatic interchain interactions that further stabilize the coiled-coil structure [1, 4, 5] . There are, however, some deviations from the canonical coiled-coil structure such as noncanonical residues in the heptad repeats (e.g. Ala clusters, 'destabilizing' clusters, or charged residues in the hydrophobic core) [6] [7] [8] , which are believed to destabilize the coiled-coil structure and seem to have a relevant functional role by imparting conformational mobility (flexibility) to some parts of the Tpm molecule. On the other hand, a 'stability control region' (residues 97-118) has been described in the Tpm coiled-coil that accounts for overall protein stability [9, 10] . Modifications of these stabilizing or destabilizing regions (e.g. by point mutations in the Tpm gene) may have not only local effects on their structure, but also global effects on the structure of the whole Tpm molecule and its functional properties [8, [11] [12] [13] [14] . Among these regions, the middle part of the Tpm molecule is of particular interest.
The middle part is a particularly unstable region of the Tpm molecule. The N-and C-terminal regions of Tpm contain multiple stabilizing clusters defined as three or more consecutive large hydrophobic residues in the a and d positions of the heptads; the N-and Cterminal regions bear four and five such clusters respectively [7] . In contrast, the middle region (residues 102-165) does not contain stabilizing clusters in the hydrophobic core. It contains two destabilizing clusters (three or more consecutive destabilizing residues, Ala or Ser, in the a and d positions) [7, 9] . There are many other interesting features of the Tpm middle part that can explain conformational instability of this region. Analysis of crystal structures of this part of Tpm [15, 16] shows that the two helices at the locations of small core Ala residues (e.g. Ala134 at the a position) are propped relatively far apart by neighboring larger core apolar residues (especially highly conserved Met127 and Met141 at a positions) thus leading to formation of a substantial gap at the interhelical interface. This may explain results showing that the peptide bond between Arg133 and Ala134 is the most susceptible site to cleavage by trypsin in the full-length Tpm [8, 17, 18] and indicate that the region around Arg133 is the least stable part of the Tpm molecule. Another important feature of this unstable region is the presence of two highly conserved noncanonical residues destabilizing the coiled-coil, Asp137 (a negatively charged Asp residue in the d position that is typically occupied by a hydrophobic residue) [8] and Gly126 (a small neutral residue in the g position instead of a typical charged one) [19] . To elucidate the role of these noncanonical residues, they were replaced with the canonical ones: Asp137 was replaced by Leu (D137L mutation), a highly preferred hydrophobic residue for the d position [8] , and Gly126 was replaced with a charged Arg (G126R mutation) [19] . Both of these replacements (and especially the combined one, D137L/G126R) were shown to result in stabilization of the middle part of the Tpm molecule as they greatly reduced the rate of Tpm trypsinolysis between Arg133 and Ala134 [8, 19, 20] . Moreover, it has been shown in recent differential scanning calorimetry (DSC) studies that these substitutions strongly stabilize not only the middle region of Tpm but also other parts of the molecule including the N-and C-terminal parts [21] . These stabilizing substitutions also significantly changed the functional properties of Tpm both in studies on isolated proteins or regulated actin filaments in solution (i.e. thin filaments reconstituted from F-actin, Tpm and Tn) [8, 19, 20, 22] and in experiments on reconstituted myofibrils [23] or on a transgenic mouse model expressing cardiac Tpm with the D137L mutation [24] . In particular, the stabilizing substitutions D137L, G126R, and D137L/G126R enhanced maximal sliding velocity of regulated actin filaments in the in vitro motility assay at high Ca 2+ concentrations and increased Ca 2+ sensitivity of the filament sliding along a surface covered by fast skeletal muscle myosin [20, 22] .
As the D137L, G126R, and D137L/G126R mutations lead to global stabilization of the whole Tpm molecule, the question arises of whether the functional effects observed in experiments with these mutations are linked to the stabilization of the whole Tpm molecule or only its middle part. In this regard, it would be interesting to know how other highly conserved residues located in the middle part of the Tpm molecule affect its properties. In particular, we were curious to know whether the closing of the gap in the middle part of the molecule can affect structural and functional properties of Tpm.
To answer this question and to get more insight into the functions of the middle part of Tpm, we studied the properties of recombinant human a-striated Tpm (or Tpm1.1 according to Geeves et al. [25] ) in which canonical hydrophobic residues Met127 and Met141 in the a positions as well as neighboring residues Ile130 and Gln144 in the d positions were replaced with Ala residues by mutations M127A/I130A, M141A/Q144A, or M127A/I130A/M141A/Q144A. We expected that the replacement of large core apolar residues with the smaller Ala would close the gap in the middle part of the Tpm molecule and so affect the Tpm structure and its functional properties.
It turned out that substitutions M127A/I130A and M141A/Q144A have no appreciable influence on the thermal unfolding and domain structure of the Tpm molecule. On the other hand, the effects of these substitutions on the sliding velocity of the regulated actin filaments in the in vitro motility assay were very similar to those observed earlier with the stabilizing substitutions D137L and G126R. We propose that these substitutions, which presumably cause closing of the interhelical gap in the middle part of Tpm, increase the bending stiffness of the coiled-coil structure in this part of the molecule and in that way affect the Ca 2+ -regulated actin-myosin interaction similarly to the stabilizing substitutions. This explanation is supported by the results of molecular dynamics (MD) simulation of the middle part of Tpm carrying different mutations.
Results
The main aim of this study was to investigate structural and functional effects of substitutions M127A/ I130A and M141A/Q144A in the middle part of Tpm and to compare them with the effects of stabilizing substitutions D137L, G126R, and D137L/G126R, which were described in previous studies [20] [21] [22] . Therefore, the experiments were performed using the same methods and approaches, and under the same conditions as before. In particular, in all experiments Tpm with the C190A substitution that mimics the reduced state of cysteine in the Tpm molecule, which is typical of living muscle [26] , was used as a control. The C190A substitution had no appreciable effect on the tryptic digestion of Tpm [8] or on its thermal unfolding and domain structure [21] , and therefore we used this non-Cys control Tpm C190A as an analog of the 'wild-type' protein in its fully reduced state.
Mutations M127A/I130A and M141A/Q144A have no global effect on the domain structure of the Tpm molecule
First, we applied CD to study the effects of the M127A/I130A and M141A/Q144A mutations on the Tpm secondary structure and thermal stability. The CD spectra recorded at 5°C were identical for all Tpm samples analyzed and showed two negative peaks at 208 and 222 nm typical of a-helical coiled-coil proteins. The thermal stability of these Tpm species was examined by measuring the ellipticity at 222 nm (Fig. 1) . The results showed that mutations M127A/ I130A and M141A/Q144A increase, although only slightly, the thermal stability of Tpm (Fig. 1A) . These effects were observed more clearly when the curves were plotted in their differential form, as the firstorder derivative (Fig. 1B) . In this case, we clearly observed two major transitions of cooperative thermal unfolding for all Tpm species. These transitions (at 42°C and 51.5-52.0°C) were very similar in all Tpm samples analyzed. The only noticeable difference of Tpm M127A/I130A/C190A and Tpm M141A/ Q144A/C190A from the control C190A Tpm was seen in the low temperature region (27-37°C) , where a pronounced shoulder was clearly observed in the control Tpm but not in the Tpm mutants (Fig. 1B) . These CD results indicate that mutations M127A/I130A and M141A/Q144A can only affect the thermal unfolding of some rather unstable Tpm region that denatures at relatively low temperature in comparison with other regions of the Tpm molecule.
To study the thermal unfolding and domain structure of the Tpm mutants in detail, we applied DSC as a basic method for the investigation of protein thermal unfolding. An important advantage of this method is that it allows one to decompose a heat sorption curve into separate thermal transitions (calorimetric domains) corresponding to the melting of different parts of the Tpm molecule, and thereby to determine how different mutations affect the structure of Tpm [19, 21, [27] [28] [29] . Figure 2 [21, 27] . These transitions were almost identical for all Tpms (Table 1) , and this indicates that mutations M127A/I130A and M141A/Q144A in the Tpm middle part have no effects on the thermal stability of the N-and C-terminal parts of the Tpm molecule. In good agreement with CD data (Fig. 1) , the only difference between the Tpm species was observed for a poorly cooperative transition with a maximum at 32-34°C (calorimetric domain 1 in Fig. 2 ), which presumably corresponds to the melting of the middle part of the Tpm molecule with a reduced thermal stability [21] . Mutations in this part of the molecule decreased substantially the enthalpy of domain 1 ( Fig. 2 and Table 1 ). These results imply that mutations M127A/I130A and M141A/Q144A can only affect the thermal unfolding of the middle part of the Tpm molecule with no influence on the other parts.
We have also analyzed the effects of these mutations on the rate of Tpm trypsinolysis between Arg133 and Ala134, i.e. at the most susceptible site to cleavage by trypsin, located just in the Tpm middle region. Surprisingly, the results showed that the M127A/I130A mutation only slightly increased the rate of Tpm trypsinolysis, whereas the M141A/Q144A mutation had no effect on the cleavage of the Tpm middle part at all (Fig. 3) . This means that those changes in the Tpm middle part that were induced by mutations M127A/I130A and M141A/Q144A do not make the peptide bond between Arg133 and Ala134 more susceptible to the cleavage by trypsin. (Fig. 4) .
To examine the stability of the complexes formed by the Tpm mutants with F-actin, we measured the temperature dependence of the light scattering on these complexes. The curves fitted to the normalized light scattering changes accompanying dissociation of Tpm from the surface of actin filaments are shown in Fig. 5 . These curves were almost identical for all Tpm species, and the temperature of the half-maximal dissociation (T diss ) varied from 46.1 to 46.4°C. Thus, mutations M127A/I130A and M141A/Q144A do not affect either the apparent actin binding affinity of Tpm or the thermal stability of the Tpm-F-actin complexes.
Mutations M127A/I130A and M141A/Q144A strongly affect the regulatory properties of Tpm Taking into account that mutations M127A/I130A and M141A/Q144A had no appreciable influence on the Tpm structure and actin binding properties, we did not expect any significant effects of these mutations on the Ca 2+ -Tn-dependent properties of Tpm with regard to the regulation of actin-myosin interaction. Unexpectedly, in the experiments performed using the in vitro motility assay, we observed strong effects of these mutations on the Ca 2+ -dependent sliding of reconstituted thin filaments over the surface covered with immobilized myosin (Fig. 6 ). Both Tpm mutants significantly enhanced the maximum sliding velocity of thin filaments at saturating Ca 2+ concentrations (pCa 4-5) in comparison with the C190A Tpm ( Fig. 6 ): by 30% for the M127A/I130A/C190A Tpm and by more than 50% for the M141A/Q144A/C190A Tpm ( Table 2 ). The effect caused by the combined M127A/ I130A/M141A/Q144A/C190A mutant was the same as that observed with the M141A/Q144A/C190A Tpm: it also enhanced the maximum sliding velocity of the filaments by 50% compared with the C190A Tpm. Besides, both the M127A/I130A/C190A and M141A/ Q144A/C190A mutants significantly increased the Ca 2+ sensitivity of the velocity by shifting the pCa-velocity curves toward lower Ca 2+ concentrations (Fig. 6 ). The pCa 50 values (i.e. pCa at which the sliding velocity is half-maximal) were equal to~6.4 for all these Tpm mutants vs 6.18 for the control C190A Tpm (Table 2 ). These effects were very similar to those observed earlier with the stabilizing substitutions D137L, G126R, and D137L/G126R in the middle part of the Tpm molecule [20, 22] .
The relative force measured by the fraction of N-ethylmaleimide (NEM)-modified myosin required to stop the movement of reconstituted thin filaments was the same with all Tpm mutants and did not differ from the 'wild-type' Tpm C190A (Table 2) .
Importantly, in the absence of Tn, Tpm mutants M127A/I130A and M141A/Q144A had no appreciable influence on the sliding velocity of actin filaments (Table 2) . Under these conditions, the velocity for both these Tpm mutants (2.0 AE 0.4 lmÁs
À1
) did not essentially differ from that of control C190A Tpm (1.8 AE 0.05 lmÁs
). These results imply that mutations M127A/I130A and M141A/Q144A affect the Ca 2+ -Tn-dependent interaction of myosin heads with regulated thin filaments only.
In order to understand these effects of mutations M127A/I130A and M141A/Q144A on the regulatory properties of Tpm, we applied MD simulations of the middle part of the Tpm molecule.
MD simulations of the middle part of Tpm with mutations M127A/I130A and M141A/Q144A
To elucidate how the M127A/I130A and M141A/ Q144A mutations and their combination can affect local structure and flexibility of the middle part of the Tpm molecule, we performed a MD simulation of this part of the molecule (residues 98-233). Two independent 20 ns trajectories were obtained for each of the constructs: C190A, M127A/I130A/C190A, M141A/ Q144A/C190A, and M127A/I130A/M141A/Q144A/ C190A. The time course of the root-mean-square deviation (RMSD) from initial energy minimized structure was followed. RMSD stabilized after 5 ns of the Table 2. 20 ns-long trajectories. To compare the similarities and difference between the effects of these mutations and the stabilizing ones in the same part of the Tpm molecule, we also performed a MD simulation of the D137L/C190A and G126R/D137L/C190A Tpm constructs whose properties were studied previously [20] [21] [22] [23] 30, 31] . The results of the MD simulation are shown in Videos S1-S5.
Flexibility of the central part of Tpm constructs was estimated from the MD trajectories using a modification of the tangent correlation method [32] . We determined the persistence length ξ, a value reciprocal to the Tpm bending stiffness, k f , from the variation in the direction of unit vectors, tangent to the backbone of the Tpm coiled-coil at different positions along the molecule (see 'Materials and methods' for details). The results of the analysis are shown in Fig. 7A and Table 3 . Although data points for logarithm of the time-average cosine of the angle between unit tangent vector t and averaged tangent vector htðsÞi at position s along the Tpm coiled-coil lnhðtðsÞ; hðtðsÞiÞi vs s for each construct deviate from straight lines due to local variations of the bending stiffness of Tpm constructs (Fig. 7A) , the difference between the slopes of the plots for each of the M127A/I130A and M141A/ Q144A constructs and their combination from that of control C190A Tpm was significant. Both estimates of the persistence length using the least squares fit of a semilogarithic plot and the slope of the secant connecting the first and the last data points (see 'Materials and methods' and Fig. 7A) show that each of the M127A/I130A and M141A/Q144A mutations and their combination caused a substantial stiffening of the middle part of the Tpm molecule ( Fig. 7A and Table 3 ). The decrease in the Tpm flexibility was possibly caused by stabilization of the coiled-coil structure upon removal of the large side chains of M127/I130 and/or M141/Q144 residues that function as 'spacers' holding the two a-helices apart. The increase in persistence length caused by stabilizing mutation D137L was similar to that for the mutations studied here (Table 3 ). For the combined stabilizing mutation, G126R/D137L, persistence length was twice that for the C190A construct and significantly higher than that for the M127A/I130A and M141A/Q144A mutations ( Fig. 7A and Table 3 ).
Curvature of the 14.7 nm-long middle part fragment of the Tpm constructs was estimated by the average bend of the fragment, i.e. as the difference between the time-averaged over MD trajectory unit vectors tangent to the first and the last segments of the Tpm coiled-coil as described in 'Materials and methods'. The values of the bend are shown in Table 3 . These values were not far from the 15.8°bend of a 14.7 nm-long segment of a helix with radius 4.15 nm and pitch of 72 nm that ideally fits the helical surface of an actin filament.
As shown in Fig. 7B , the M127A/I130A and M141A/Q144A mutations, as expected, caused a decrease in the distance between the two Tpm a-helices in the vicinity of the mutations: the M127A/I130A mutation decreased the interhelical distance in the segment centered at residue 131, but not the one at 141, while the M141A/Q144A and, especially, the combination M127A/I130A/M141A/Q144A reduced the distance in the segments centered at residues 141 and 131 (Fig. 7B) . Note that the stabilizing mutation G126R/ D137L also decreased the interhelical distance in this region of the Tpm molecule although to a lesser extent than the M127A/I130A/M141A/Q144A.
To elucidate how the M127A/I130A and M141A/ Q144A mutations affect the coiled-coil structure of the Tpm molecule and stability of its a-helices, we monitored the length of some hydrogen (H) bonds stabilizing the helices. In particular, we were interested in the stability of the H-bonds next to the peptide bond between the R133 and A134 Tpm residues, which is Table 2 . Characteristics of the actin-myosin interaction obtained in the in vitro motility assay experiments with thin filaments reconstituted with Tpm mutant constructs C190A, M127A/I130A/C190A and M141A/Q144A/C190A in the presence or absence of Tn. F, isometric force expressed as percentage of N-ethylmaleimide-modified myosin in the mixture with normal myosin; n, Hill cooperativity coefficient; pCa 50 , pCa at which the sliding velocity is half-maximal; V max , maximum sliding velocity of reconstituted thin filaments measured at saturating Ca 2+ concentration (pCa 4-5). Asterisks indicate significant difference from C190A Tpm, P < 0.05.
Filament Without Tn
With Tn Fig. 8 . Statistical data for normalized lifetime of this H-bond during the MD trajectories for each construct are given in Table 3 . The lifetime of the H-bond between the residues 133 and 137 in the control C190A construct and the M127A/I130A, M141A/ Q144A, and M127A/I130A/M141A/Q144A mutants was~90%;~10% of the time the bond was weakened or broken. In the Tpm construct with two stabilizing mutations, G126R/D137L, the lifetime of the H-bond was close to 100% ( Fig. 8 and Table 3 ).
Discussion
The data presented here show that the mutations M127A/I130A, M141A/Q144A, and M127A/I130A/ M141A/Q144A have no appreciable influence on the Tpm structure but affect the Ca 2+ -dependent sliding of reconstituted thin filaments in the in vitro motility experiments. It would be interesting to compare the effects of these mutations with those observed earlier with the stabilizing substitutions D137L and G126R in the same part of Tpm.
Previous structural studies have shown that substitutions D137L, G126R and especially their combination, D137L/G126R, strongly stabilize not only the middle part of the Tpm molecule by preventing its trypsin cleavage between Arg133 and Ala134 [8, 19, 20] , but also the whole molecule including its N-and C-terminal parts [21] . In contrast, substitutions M127A/I130A and M141A/Q144A had no appreciable influence on the global Tpm structure: they did not affect the thermal unfolding of N-and C-terminal parts of the Tpm molecule ( Fig. 2 and Table 1 ). The only subtle structural effect of these substitutions was seen in their influence on the least thermostable part of the molecule (Figs 1 and 2), which presumably corresponds to the Tpm middle part where the substitutions are located. Both substitutions decreased substantially the DH cal of this poorly cooperative thermal transition (calorimetric domain 1; Fig. 2 and Table 1 ). A possible explanation is that the substitutions M127A/I130A and M141A/Q144A make a low-cooperative thermal unfolding of the Tpm middle part even less cooperative. As a result, this part of the molecule unfolds over a broad temperature range giving a very gentle slope to the heat capacity curve, which is difficult to measure precisely by DSC. Similar noncooperative melting leading to a significant decrease in the enthalpy (due to so-called 'unseen' or 'lost' enthalpy) was earlier observed by combined DSC and CD studies on nonmuscle Tpm isoforms, Tpm 5a and Tpm 5b [33] . It seems quite possible that the melting of the middle part of the C190A Tpm construct or WT Tpm is also associated with an 'unseen' enthalpy [19] , but it is likely to be less than that in the M127A/I130A/C190A and M141A/Q144A/C190A Tpm mutants. Another possible explanation of the effects of the M127A/I130A and M141A/Q144A substitutions on the thermal unfolding of Tpm is similar to that proposed earlier for the effects of the G126R substitution [19] . According to this explanation, the above-mentioned substitutions can stabilize the middle part of the Tpm molecule. As a result, this part of the molecule unfolds cooperatively at a higher temperature; it either melts together with the C-terminal part or its thermal transition coincides in position with that of the C-terminal domain 2, and so the two transitions cannot be separated on the DSC profile. However, the enthalpy of unfolding of this part of the Tpm molecule is too small to produce any noticeable changes in the enthalpy of the C-terminal domain (calorimetric domain 2; Table 1 ). Our data showing that Tpm cleavage by trypsin is not affected by the M127A/I130A and M141A/Q144A substitutions (Fig. 3) can be explained by the results of the MD simulations. None of these substitutions increased the stability of the H-bonds holding a-helices in the region between Tpm residues 133 and 137, while the stabilizing substitutions G126R/D137L indeed greatly stabilized the bonds ( Fig. 8 and Table 3 ) and protected Tpm from trypsin cleavage [19, 20] , which requires unfolding of the secondary structure necessary for the active center of the enzyme to access the peptide bond between residues 133 and 137.
Similar to substitutions D137L and G126R [8, 19, 20] , substitutions M127A/I130A and M141A/Q144A had no effect on the binding of Tpm to actin (Fig. 4) . The D137L and G126R substitutions, however, effectively prevented the heat-induced dissociation of the Tpm-Factin complexes [20] , whereas substitutions M127A/ I130A and M141A/Q144A had no effect on the stability of these complexes (Fig. 5) . Previous studies indicated that the stability of the Tpm-actin complexes depends rather on the thermal stability of the Tpm molecule than on the apparent actin binding affinity of Tpm [29] . This can explain why substitutions D137L and G126R, which strongly stabilize the Tpm molecule, also stabilize the Tpm-actin complexes, while substitutions M127A/ I130A and M141A/Q144A do not affect the thermal stability of either the Tpm molecule or its complex with F-actin.
The most intriguing result of our study is the effect of Tpm substitutions M127A/I130A and M141A/Q144A on the Ca 2+ -dependent sliding of reconstituted thin filaments in the in vitro motility experiments (Fig. 6) , which is very similar to that observed previously for the stabilizing substitutions D137L, G126R and D137L/ G126R [20, 22] . All these Tpm mutants significantly enhanced the maximum sliding velocity of thin filaments at saturating Ca 2+ concentrations and similarly increased the Ca 2+ sensitivity of the velocity. According to explanations given in the previous work, the effects 
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The FEBS Journal 285 (2018) 871-886 ª 2017 Federation of European Biochemical Societies of the stabilizing substitutions D137L and G126R, and especially their combination, D137L/G126R, on the Ca 2+ -dependent sliding of reconstituted thin filaments in the in vitro motility assay can be accounted for by stabilization of the filaments expressed in an increase in their bending stiffness [30] as well as by an influence of these substitutions on the interactions between Tpm and certain sites of the myosin head [20, 22] .
The latter explanation seems improbable as the residues M127, I130, M141, and Q144 are located in the coiled-coil core and cannot contact the myosin head. As for the former explanation, the results of MD simulation show a significant increase in the bending stiffness caused by the M127A/I130A and M141A/Q144A mutations and their combination (Fig. 7A and Table 3 ). The increase in the bending stiffness caused by the mutations studied here compared with the control C190A construct was substantial, although not as high as that for the G126R/D137L construct ( Table 3 ). The increased bending stiffness is probably associated with closure of the interhelical gap in the region of the residues subjected to substitution.
Our estimate of persistence length from the MD simulation of the middle segment of the D137L Tpm construct ( Table 3 ) agrees with that of Zheng et al. [34] who also simulated the D137L construct with MD. Although these authors calculated the persistence length of the whole Tpm molecule bound to actin while we estimated it only for an isolated middle segment of unbound Tpm and therefore it was undiminished by such interaction, both calculations show an increase in stiffness caused by the D137L mutation consistent with experimental data [30] . Moore et al. [35] , with a different MD approach performed in implicit solvent, assessed the entire free Tpm molecule and also found an increase in local Tpm stiffness near the location of the D137L mutation. The MD calculations by Moore et al. [35] showed an increase in overall flexibility of the whole D137L/C190A construct when compared with that of C190A. Their results appear to contrast with our simple explanation of experimental observations [30] , but none of the above methodologies are necessarily comparable. In our work, we have not found any significant changes in the bend of the middle part of the Tpm constructs caused by the substitutions studied here and previously (Table 3) , which potentially could spoil 'Gestalt' binding of Tpm to actin helix [36] . This result of MD simulations agrees well with the experimental data showing no changes in the apparent affinity of Tpm to actin caused by the M127A/I130A, M141A/Q144A (Fig. 4) , D137L or G126R/D137L [8, 19, 20] substitutions. Some differences in the results of MD simulation can be caused by difference in the MD protocols [32, 34, 35, 37, 38] .
Our MD simulation resulted in the distance between two a-helices of Tpm (Fig. 7B ) similar to that reported by Li et al. [32] . As one might expect, replacement of the large residues Met, Ile or Gln with the smaller Ala led to closure of the interhelical gap and to a decrease in the distance between the a-helices.
Unlike the stabilizing substitutions G126R/D137L [31] , the substitutions M127A/I130A and M141A/ Q144A did not affect the force of myosin interaction with regulated thin filaments in the in vitro motility assay measured using velocity titration with N-ethylmaleimide-treated myosin and had no influence on the sliding velocity of actin filaments in the absence of Tn (Table 2 ). These features were quite different from those of the constructs with stabilizing substitutions D137L, G126R, and D137L/G126R, which strongly increased the sliding velocity of reconstructed thin filaments in the absence of Tn [20] and force of their interaction with myosin in the presence of Tn [31] .
The G126R and D137L substitutions were supposed to affect the interactions between actin-bound Tpm and certain sites of a myosin head [20] . However, our single molecule experiments have not shown changes in the unitary force of myosin interaction with reconstructed thin filaments containing these Tpm constructs, which nevertheless strongly affected the cooperativity of the interaction in the in vitro motility assay [31] . We therefore concluded that increase in force in the motility assay induced by these substitutions is caused by an involvement of additional myosin heads in the interaction due to global stabilization of the Tpm structure and global increase in stiffness of the Tpm strand [30] . The M127A/I130A or M141A/ Q144A substitutions increased Tpm stiffness only locally probably due to a closure of the interhelical gap (Table 3 and Fig. 7A ), but did not cause global structural changes in the whole molecule (Table 1 and Figs 1 and 2 ). In the presence of Tn, which probably stiffens the Tpm strand by strengthening head-to-tail interactions between the actin-bound Tpm dimers, the local decrease in the Tpm flexibility caused by these substitutions was sufficient to increase the unloaded sliding velocity, but was unable to overcome drag force of N-ethylmaleimide-myosin or accelerate sliding velocity in the absence of Tn. In contrast, possible global changes in the structure and stiffness caused by the stabilizing substitutions G126R and D137L were sufficient for increase in velocity and force in vitro even in the absence of Tn. We cannot, however, exclude that the Tpm mutations studied here and previously affect the Tn binding to Tpm or interaction of reconstructed thin filaments with actin, as these possibilities were not studied experimentally.
In conclusion, the results of the MD simulations allow us to propose an explanation of the effects of substitutions M127A/I130A and M141A/Q144A in the Tpm middle part on the Ca 2+ -Tn-dependent regulation of muscle contraction. Similar to substitution D137L/G126R, the M127A/I130A and M141A/Q144A substitutions increase bending stiffness of the coiledcoil structure in this part of the Tpm molecule ( Fig. 7A and Table 3 ). However, the mechanism underlying the effects of these substitutions on the Ca 2+ -regulated actin-myosin interaction is not completely identical to that for the stabilizing substitutions D137L/G126R. The replacement of the noncanonical residues Asp137 and Gly126 with the canonical Leu and Arg, respectively, not only decreased flexibility of the Tpm molecule [30] (Fig. 7A and Table 3 ), but also enhanced sliding velocity of the regulated thin filaments in the in vitro motility assay [20, 22] .
The main advantage of the present work is that we for the first time distinguished functional effects linked with structural changes in the middle part of Tpm only. Our results indicate the significance of conformational instability (flexibility) in this region of Tpm, which plays an important role in fine tuning of proper Tpm functioning in the Ca 2+ -regulation of actin-myosin interaction in muscle.
It should be noted that numerous cardiomyopathycausing mutations have been identified in the TPM1 gene encoding the cardiac isoform of Tpm (Tpm1.1), which affect the Ca 2+ -regulation of cardiac muscle. However, it seems highly significant that virtually none of these mutations have been found in the middle part of Tpm [39, 40] . This may imply that mutations in the Tpm middle part are lethal and this emphasizes a high significance of this region for the functioning of Tpm. The functional importance of this Tpm region (including the region of the mutations M127A/I130A and M141A/Q144A) is also corroborated by the data showing that some residues that are proposed to be involved in the interaction with actin (residues D121, R125, K128, S132, E139, and E142) [41] and myosin (residues D121, E122, and E156) [42] , as well as with TnI in the absence of Ca 2+ (residue 146) [43] , are located either within this region or close to it.
Materials and methods

Protein preparations
All Tpm species used in this work were recombinant proteins that have an Ala-Ser N-terminal extension to imitate naturally occurring N-terminal acetylation of native Tpm [44] . Human Tpm1.1 (a-striated Tpm) C190A, M127A/ I130A/C190A, M141A/Q144A/C190A, and M127A/I130A/ M141A/Q144A/C190A mutants were prepared in the bacterial expression plasmid pMW172 [45] by PCR-mediated site-directed mutagenesis using Pfu DNA polymerase (SibEnzyme, Novosibirsk, Russia). The following oligonucleotides were used for mutagenesis: 5 0 -AAGGCAAA GCTGCCGAGCTTG-3 0 for C190A, 5 0 -GAGAGGCGC-GAAAGTCGCTGAGAGTC-3 0 for M127A/I130A, and 5 0 -
GATCTCCGCAATTTCCGCTTTTTC-3
0 for M141A/ Q144A (mutant codons are underlined). The PCR products were cloned and sequenced to verify the substitutions. Protein expression and purification were performed as described previously [20, 21] . Tpm concentration was determined spectrophotometrically at 280 nm using an E 1% of 2.7 cm
À1
. Rabbit skeletal muscle actin, myosin, and Tn were prepared by established standard methods [46] [47] [48] . F-actin polymerized by the addition of 4 mM MgCl 2 and 100 mM KCl was further stabilized by the addition of a 1.5-fold molar excess of phalloidin (Sigma-Aldrich, St Louis, MO, USA). For the in vitro motility assay, F-actin was labeled with a 2-fold molar excess of tetramethylrhodamine, isothiocyanate derivative (TRITC)-phalloidin (Sigma-Aldrich). All procedures involving animal care and handling were performed according to institutional guidelines set forth by the Animal Care and Use Committee at the Institute of Immunology and Physiology Ural Branch of Russian Academy of Sciences and Directive 2010/63/EU of the European Union.
CD measurements
Far-UV CD spectra of Tpm species (1.0 mgÁmL À1 ) were recorded at 5°C on a Chirascan CD spectrometer (Applied Photophysics, Ltd, Leatherhead, UK) in 0.02-cm cells. Thermal unfolding measurements were made by following the molar ellipticity of Tpm at 222 nm over a temperature range from 5 to 70°C at a constant heating rate of 1°CÁmin À1 . All measurements were performed in 30 mM Na-P i buffer, pH 7.3, containing 100 mM NaCl. The reversibility of the unfolding-refolding process was assessed by reheating the Tpm sample directly after it had been cooled from the previous temperature scan. The thermal unfolding of all Tpm species was fully reversible.
Differential scanning calorimetry
Differential scanning calorimetry experiments were performed as described previously [19, 21, [27] [28] [29] on a DASM-4M differential scanning microcalorimeter (Institute for Biological Instrumentation RAS, Pushchino, Russia) at a heating rate of 1°CÁmin À1 in 20 mM Na-P i buffer (pH 7.3)
containing 100 mM NaCl and 1 mM MgCl 2 . The protein concentration was 2.0 mgÁmL À1 . The reversibility of the heat sorption curves was assessed by reheating the sample immediately after it had cooled from the previous scan.
The thermal unfolding of all Tpm species was fully reversible and can be considered to be at thermodynamic equilibrium, thus making possible further deconvolution analysis of their DSC curves. The calorimetric traces were corrected for the instrumental background by subtracting a scan with buffer in both cells. The temperature dependence of the excess heat capacity was further analyzed and plotted using ORIGIN software (OriginLab Corp., Northampton, MA, USA). The thermal stability of the proteins was described by the temperature of the maximum of the thermal transition (T m ), and the DH cal was calculated as the area under the excess heat capacity function. Deconvolution analysis of the heat sorption curves, i.e. their decomposition into separate thermal transitions (calorimetric domains) by fitting the data to the nontwo-state model [49] , was performed as described previously [19, 21, [27] [28] [29] .
Trypsin digestion
The Tpm samples in Hepes buffer (0.5 mgÁmL À1 Tpm in 30 mM Hepes, pH 7.3, 100 mM NaCl, 1 mM MgCl 2 ) were treated with L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin (Worthington, Biochemical Corp., Lakewood, NJ, USA) at an enzyme/Tpm mass ratio of 1 : 300 at 30°C. At various times, aliquots were withdrawn, and the reaction was quenched by addition of SDS/ PAGE sample buffer containing 5 mM PMSF. Protein compositions of the aliquots were analyzed by SDS-gel electrophoresis [50] .
Cosedimentation and quantitative electrophoresis
The apparent affinity of Tpm species for actin was estimated using a cosedimentation assay as described earlier [20, 27, 29] . F-actin (10 lM), stabilized by addition of a 1.5-fold molar excess of phalloidin, was mixed with increasing concentrations of Tpm (0-4 lM) at room temperature in 30 mM Hepes, pH 7.3, 200 mM NaCl, to a final volume of 100 lL. After 40 min incubation, actin was pelleted with any bound Tpm by ultracentrifugation at 133 000 g for 40 min (Beckman airfuge; Beckman Coulter Life Sciences, Indianapolis, IN, USA). Equivalent samples of the pellet and the supernatant were run on SDS/PAGE [50] . Quantification of protein bands was carried out by densitometry and scanned images were analyzed using IMAGEJ 1.45s software (Scion Corp., Frederick, MD, USA).
Temperature dependences of light scattering
Thermally induced dissociation of Tpm complexes with F-actin stabilized by phalloidin was detected by changes in light scattering at 90°as described earlier [19, 20, [27] [28] [29] . The experiments were performed at 350 nm on a Cary
Eclipse fluorescence spectrophotometer (Varian Australia Pty Ltd, Mulgrave, Victoria, Australia) equipped with temperature controller and thermoprobes. All measurements were performed at a constant heating rate of 1°CÁmin À1 .
Scattering of F-actin solutions containing the same concentration of actin (20 lM) as in the Tpm-F-actin samples was measured before the experiments. Thermally induced dissociation of Tpm from F-actin was accompanied by a decrease in the light scattering intensity, and therefore the temperature at which dissociation occurs can provide valuable information on the stability of the Tpm-F-actin complexes. The dissociation curves with temperature dependence of the light scattering for F-actin alone deducted were analyzed by fitting to a sigmoidal decay Boltzmann function. The main parameter extracted from this analysis is T diss , i.e. the temperature at which a 50% decrease in the light scattering occurs.
In vitro motility assay
Measurements of the sliding velocities of the regulated thin filaments at different Ca 2+ concentrations were performed in the in vitro motility assay as described previously [20, 22] . In brief, myosin (300 lgÁmL A further 50 lgÁmL À1 of non-labeled F-actin in AB buffer with 2 mM ATP was added for 5 min to block nonfunctional myosin heads. To form regulated thin filaments, 10 nM TRITC-phalloidin-labeled F-actin and 100 nM Tpm/ Tn were added for 5 min. Unbound filaments were washed out with AB buffer. Finally, the cell was washed with AB buffer containing 0.5 mgÁmL À1 BSA, oxygen scavenger system, 20 mM DTT, 2 mM ATP, 0.5% methylcellulose, 100 nM Tpm, 100 nM Tn, and appropriate Ca 2+ /EGTA in proportions calculated with the MAXCHELATOR program. Fluorescently labeled thin filaments were visualized with an Axiovert 200 (Carl Zeiss, Microscopy GmbH, Jena, Germany) inverted epifluorescence microscope equipped with 9100/1.45 oil-immersion alpha Plan-Fluar objective and an EMCCD iXon-897BV (Andor Technology, Ltd, Belfast, UK) videocamera. The experiments were carried out at 30°C. For each flow cell, ten 30-s image sequences were recorded from different fields, which contained~30-50 thin filaments. The filaments' sliding velocities were measured using GMIMPRO software [51] . The sliding velocities of moving thin filaments were plotted as a histogram and fitted to a Gaussian function. The average velocity of thin filaments in the field was taken as the center of the Gaussian fit to thin filaments moving at a uniform speed (i.e. the standard deviation of the frame-to-frame speed was < 0.5 of the filament mean speed). In every field, movement of 5-15 thin filaments was measured in at least 10 frames. In each experiment the movement of 50-150 filaments was measured in every flow cell. Experiments were repeated three times with each of the Tpm mutants and the means of individual experiments were fitted to the Hill equation: v = v max 9 (1 + 10 n(pCa À pCa50) )
À1
, where v and v max are velocity and maximal velocity at saturating calcium concentration, respectively, pCa 50 (i.e. calcium sensitivity) is pCa at which halfmaximal velocity was achieved, and n is the Hill coefficient. All values are expressed as the mean AE SD. All comparisons were performed by Student's paired t test or the MannWhitey U test at a 0.05 level of significance (P < 0.05). The experiments with unregulated actin filaments (Tpm-actin filaments) were performed under the same conditions, with the only exception that Tn and Ca 2+ were not added.
At saturating Ca 2+ concentration, all thin filaments with any of the Tpm mutants were moving while at low concentration (pCa > 7) all filaments were still. With a decrease in calcium concentration, both the sliding velocity and the fraction of motile filaments decreased. Any of studied Tpm mutants equally increased the Ca 2+ sensitivity of both the fraction of motile filaments and the filament sliding velocity. The effect of the Tpm mutants on the force of myosin interaction with regulated thin filaments was assessed using N-ethylmaleimide-modified myosin as an external load [31] . For this purpose a mixture of native and N-ethylmaleimide-modified myosin was added in the flow cell instead of pure myosin. The minimal percentage of N-ethylmaleimidemyosin in the mixture at which the filaments stopped moving was used as a measure of the isometric force F. The criterion for movement stoppage was the state in which only one or two short (< 2 lm long) filaments in the microscope field of view were still moving.
MD simulation
The MD simulation was performed using GROMACS v. 2016.3 [52] and a model of the middle part of the Tpm molecule by Brown et al. [16] , PDB code 2B9C, in which both Cys190 residues were replaced with Ala (C190A construct). The C190A, M127A/I130A/C190A, M141A/Q144A/C190A, M127A/I130A/M141A/Q144A/C190A, and G126R/D137L/ C190A Tpm constructs were built and energy minimized with the UCSF CHIMERA package (CHIMERA was developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, supported by NIGMS P41-GM103311 [53] ). The model system was immersed in a 5 9 5 9 45 nm rectangular box filled with water molecules extending about [12] [13] [14] [15] A from the protein in each direction. Na + and Cl À ions were added to the system to ensure zero charge and an ionic strength of 0.15 M. The energy minimization procedure was performed in two steps. First, a system was refined by energy minimization using the steepest-descent method with harmonic constraints applied to protein backbone atoms (N, Ca, and C) and maximum force 1000 kJÁmol À1 Ánm À1 . Secondly, energy minimization was performed using the same steepest-descent method without constraints and a maximum force of 100 kJÁmol À1 Ánm À1 was achieved. Conjugate gradient minimization was not considered necessary. Then equilibration was conducted in two phases with harmonic constraints applied to C a atoms only (force constant = 4 kJÁmol À1 Ánm À2 ). The first phase was conducted under an NVT (number of particles, volume, temperature) ensemble with reference temperature of 300 K over 200 ps, and the second phase was performed under NPT (number of particles, pressure, temperature) ensemble over 200 ps using the Parrinello-Rahman barostat. The particle mesh Ewald method was used to calculate long-range electrostatic interactions. The periodic boundary conditions were applied. A leap-frog integrator was used for the MD simulation. The linear constraint solver (LINCS) algorithm [54] was used to constrain the bond lengths, and the time step of the MD simulations was 2 fs. The atomic coordinates of the systems were saved every 10 ps during each MD run for later analysis. The energy minimization and the MD simulation were carried out using the AMBER99SB-ILDN force field [55] and the TIP3P water model [56] .
Analysis of MD trajectories
Snapshots of a 20 ns-long MD trajectory were taken every 10 ps. Equilibration occurring in our MD simulations was monitored by measuring the time course of the changes in RMSD from initial energy minimized structure [37] . We found that it was established within the first 5 ns of 20 ns moderate length trajectories. The structured coiled-coil part of the middle part of Tpm was approximated by a polygonal line as follows. Centroids of 11 residue-long segments of each a-helix, A and B, r Aij ; r Bij , were found for i-th Tpm segment at j-th snapshot (time point). Segments contained residues 106-116, 116-126, etc., and the last, 11th, segment contained residues 206-216. Midpoints between the two centroids r i;j ¼ 0:5ðr Aij þ r Bij Þ were used as the contour vectors for the j-th snapshot. The distance between consecutive segments, Ds i;j ¼ r ij À r ij and unit vectors directed along the contour line t i;j ¼ ðr i;j À r iÀ1;j Þ=Ds i;j (i = 2, . . . 11) were defined. Unit vectors ñ i;j normal to t i;j and directed from ahelical chain A toward chain B of the Tpm coiled-coil were obtained by normalization of projections of vectors r Bi;j À r Ai;j on the plain normal to t i;j . Time average intersegment distances Ds i ¼ hDs ij i were calculated by averaging over discrete time j. The skeletonized coiled-coil contours at each time point j were shifted and rotated as a rigid body to bring r i;j to the origin of a Cartesian coordinate system and to superimpose vectors t 1;j and ñ 1;j with its unit vectors (1, 0, 0) and (0, 1, 0) respectively. Then average unit vectors between consecutive segments were defined as t i ¼ ht ij i ¼ P j t ij P j t ij (i = 2, . . . 11). Time-averaged interhelical distances d ABi ¼ r Bij À r Aij and their standard deviations were calculated for each coiled-coil segment i = 1, . . . 10.
Curvature of the middle part of the Tpm constructs was estimated as the bend, i.e. the angle between the time-averaged unit vector tangent to the first and the last segments of a Tpm fragment in the MD trajectories.
The persistence length ξ is defined by the expression ξ = k f /k B T, where k f is the bending stiffness, k B is the Boltzmann constant and T is absolute temperature. For an intrinsically straight bar of constant bending stiffness k f , the correlation of unit tangent vectors at different positions along natural parameter (distance) along the bar, s, is given by the expression [32] :
ðtð0Þ; tðsÞÞ ¼ expðÀs=nÞ;
where angle brackets denote time averaging and round brackets are for the scalar product of two vectors. Therefore, one can calculate tðsÞ during an MD trajectory, plot ln ðtð0Þ; tðsÞÞ against s and then find ξ from the slope of the relationship. However, Tpm in intrinsically not straight but rather bent and its bent shape is very important for its binding to the actin helix [1, [3] [4] [5] . To account for the intrinsic bent shape of Tpm, one can use ether the initial crystal structure from PDB or average structure obtained during an MD run as the reference unstrained Tpm shape. However, both these approaches are not free of artifacts, for instance note Fig. 4A of [32] . The Tpm shape in the crystal is affected by crystal packing forces, while the use of average structure occasionally leads to counterintuitive nonmonotonic dependence of correlation on distance s (see Fig. 4 in [32] ). To overcome these problems and account for the intrinsically bent shape of Tpm we defined the persistence length from equation:
htðsÞi; tðsÞ À Á ¼ expðÀs=nÞ and plotted ln ðhtðsÞi; tðsÞÞ against s assuming that htðsÞi provides a good estimate for the intrinsic tangent vector of unloaded coiled-coil at a given position s. In practice we plotted ln ðht i i; t ij Þ for each i-th segment against the discrete length position of its center s i (Fig. 7A) . As data points deviate from a straight line we used two different estimates of ξ: the slope of least square liner fit of the data ( Fig. 7A and Table 3 ) and the slope of the secant line connecting the first and the last data points (Table 3) , variants of methods used in [32] .
